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は　し　が　き
平成12年度～平成13年度　科学研究費補助金(基盤研究B (2))
｢次世代光リソグラフィーの真空紫外光学材料応用フツ化物単結晶の開発｣
を終えるにあたって
近年､急速に短波長化が進む光リソグラフィーにおいて､次世代光源用にF2
レーザーが本命視されており､ 2005年をメドに実用化が始まろうとしている｡
こうした中､その実用化にあたり､最も問題となっている光学材料に関して､
優れた透過性を有するフッ化物単結晶に着目し､新材料の開発､その単結晶化､
大型化､高品質化､光学特性の検討を行うことにより､ブレークスルーを起こ
すことを目的とし､検討を行った｡
フッ化物単結晶の結晶成長に実績のある東北大学･金属材料研究所と､紫外･
真空紫外領域での光学物性評価に実績のある岡崎国立共同研究機構･分子科学
研究､並びに､単結晶の事業化･製品化･加工において実績のある株式会社トー
キンが､相互に技術･情報を交換し､有意義な討論､実際の共同研究､研究者
の国際交流を遂行し､実用化の検討を実施した｡
ここに2年間の研究成果を報告書の形でまとめることができるのは､研究分
担者をはじめ､多くの研究者にご協力いただいたおかげと深く感謝すると共に､
この欄を借りて御礼申し上げたい｡
わずか2年間の研究で必ずしも当初の目的を達成し終えたとは限らず､数歩
の前進を行っただけかもしれない｡しかし､本研究の成果が学問的･社会的に
いささかなりとも貢献しえれば大変幸いであり､今後ますます本研究を発展さ
せていきたいと考えている｡
研究代表者
東北大学･金属材料研究所
教授　福田　承生
･1･
1.研究課題: ｢次世代光リソグラフィーの
真空紫外光学材料応用フツ化物単結晶の開発｣
2.課題番号: 12555001
3.研究組織
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計　　　13,500千円
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5.研究発表
(1)学会誌等
1. ''Direct generation of 27lmJ, 309-nm pulses kom a Ce:LLF oscillator uslng a
large-size Ce:LLF crystal'', Z.Liu, K.Shimamura, K.Nakan0, Na Mujilatu,
T.Fukuda, T.Kozeki, H.Ohtake and N.Sarukura, Jpn. J_　Appl. Phys.
39(2000)L88-89.
2･ ･･Optical spectroscopy or Ce3十in BaLiF3･･, M･Ⅵmaga, TJmai, K･Shimamura,
T.Fuhlda and M.Honda, J. Phys. : Con°. Mat. 12(2000)343 1-3439.
3. ■■Growth or Ce-doped LiCaAIF6　and LiSrAIF6　Slngle crystals by the
Czochralski technique under CF4 atmOSphereH, K.Shimamura, S.LBaldochi,
Na Mujilatu, K.Nakan0, Z.Liu, N.Sarukura and T.Fukuda, J. Cryst. Growth
21 1(2000)302-307.
4･ "High-pulse-energy ultraviolet Ce3+:LiCaAlF6 laser oscillatorwith newly
designed pumplng SChems", Z.Liu, K.Shimamura, KNakan0, T.Fukuda,
T.Kozeki, H.Ohtake and N.Samkura, Jpn. ∫. Appl. Phys. 39(2000)L466-L467.
5･ ･･Electron spln-resonance Study on Ce3+ in BaLiF3日, M･Ⅵmaga, M･Honda,
K･Shimamura, T.Fukuda　and T.Yoshida, J. Phys.: Cond. Mat.
12(2000)5917-5928.
6･ ''Crystal growth of Ce:LiLuF4　fbr optlCal applicationsl-, I.M.Ranieri,
K･Shimamura, K･Nakano, T.Fujita, Z.Liu, N.Sarukuraand TFukuda, J. Cryst.
Growth 217(2000)1 5 1-1 56.
7･ "Growthand characterization of KMgF3 Single crystals by the Czochralski
teclmique under CF4　atmOSPhere", K.Shimamura, T.Fujita, H.Sato,
A･Bensalah, N･Sarukura　and T･Fukuda, Jpn･ J･ Appl･ Phys･
39(2000)680716809.
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8. 1･Crystal Growth of Ce-dopedand undoped LiCaAlF6 by the Czochralski
Teclmique under CF4 atmOSPhere･･･ K･ Shimamura, S･L･Baldochi, I･M･Ranieri,
H.Sato, T.Fujita, VJ･･Mazzocchi, C･BIR･Parente, C･0･Paiva-Santos,
C.V.Santilli, N.Sarukuraand T･Fukuda, J･ Cryst. Grow山223(2001)383-388･
9. ･･Chirped pulse ampliflCationfor ultraviolet femtosecond pulses by use of
ce3+:LiCaAIF6 aS a broadband, solid-state galn medium一一, Z･Liu, T･Kozeki,
Y.suzuki, N.Sarukura, K･Shimamura, T･Fukuda, M･nranoand H･Hosono,
opt. Lett. 26(2001)301-303･
1 0. ･.Ultravioletfemtosecond pulse amplification with high gain uslng SOlid-state,
broad-band galn medium Ce3+:LiCaAlF6", ZILiu, TIKozeki, Y･Suzuki,
N.Sarukura, K.Shimamura, T･Fukuda, M･Hiranoand H･Hosono, Jpn･ J･ Appl･
phys. 40(2001)2308-2309･
1 1. "Time-resolved gain-spectrum measurement scheme uslng two potential laser
media and a streak cameraM, T･Kozeki, YSuzuki, Z･Liu, N･Samkura,
K.Shimamura, T.Fukuda, M･Hirano　and HIHosono, Rev･ Sci･ Inst･
72(2001)287512878･
12. ･･Investlgationfor the possible crystal NMR quantum comPutlng device with
BaLiF3･･, A.Goto, R･Miyabe, T･Shimizu, H･Kitazawa, K･Hashi, H･Abe,
GKido, K.Shimamura and T･Fukuda, Physica B 298(2001)585-589･
13.日Site symmetry and crystal Bleld of Ce3+ 1uminescent centers in KMgF3日,
M.Yamaga, M･Honda, N･Kawamata, T･Fujita, K･ Shimamura and T･Fukuda, JI
phys: Condens. Matter 13(2001)346113473･
14. MOptical and ESR studies of Ce3+ in perovskitefluoride crystals BaLiF3 and
KMgF3･･, M･Yamaga, T･Imai, KShimamura and T･Fukuda, J･ Cryst･ Growth
229(200 1 )487-49 1 I
1 5.日ObseⅣation of new excitation channel of cerium ion through highly vacuum
ultraviolet transparent LiCAF host crystal", T･Kozeki, Y･Suzuki, MISakai,
H.Ohtake, N.Sarukura, Z･Liu, K･Shimamura, K･Nakanoand T･Fukuda, J･
Cryst. Growth 229(2001)5011504･
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16･ "Structural　study of colqulrllte-tyPe　fluorides'', Y.Ono, K.Nakan0,
K. Shimamura, T.Fukuda and T.Kajitani, J. Cryst. Growth 229(200 1 )505-509.
17. ''Marangoni convection in model offloatlng zone under microgravlty", Z.Zeng,
H.Mizuseki, K.Shimamura, K.Higashino, T.Fukudaand Y.Kawazoe, J. Cryst.
Growth 229(200 1 )60 1 -604.
181 I-Growthand characterization of LiSrGaF6　Slngle crystal'', A.Bensalah,
K.Shimamura, K.Nakano, T.Fujita and T.Fukuda, ∫. Cワst. Growth
231(2001)143-147.
19･ ●●Co汀elation between stmctural parameters or colqulrllte StmCtureSt■,
DAPawlak, K.Wozniak, K.Shimamura and T.Fukuda, J. Cryst. Growth
233(200 1)699-708.
20･ HThree-dimensional oscillatory thermocopillary convection in liquid bridge
under microgravlty'T, Z.Zeng, H.Mizuseki, K.Shimamura, T.Fukuda,
K.Higashino　and Y.Kawazoe, Int. J. Heat　and Mass Transfer.
44(200 1 )3765-3774.
21 ･ …Crystal growth of nuorides for optical applications…, K.Shimamura, H.Sato,
AIBensalah, V･Sudesh, H･Machida, N.Sarukuraand T.Fukuda, Cryst. Res.
Tech 36(2001)801-813.
22･ "Growth of Ce-doped Colqulrllte- and Scheelite-type slngle crystals for.UV
laser applications'-, K.Shimamura, H.Sato, A.Bensalah, H.Machida,
N･Samkura and T.Fukuda, Opt. Mater. 19(2002)109-1 16
23･ ''Usefulness of Experiments with Model Fluid　for Thermocapillary
Convection　-　Effect of Prandtl Number on Two_Dimensional
Thermocapillary Convection'', Z･ Zeng, H･ Mizuseki, K. Shimamura, T･
Fuknda, Y･ Kawazoe and K. Higashino, J. Cryst. Growth, 234 (2002)
272-278.
24･ ''High-Energy Pulse Generation &om Solid-State Ultraviolet Lasers Using
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Large Ce:Fluoride Crystals", Z･ Liu, K･ Shimamura, T･ Fukuda, T･ Kozeki, Y･
suzuki and N. Sarukura, Optical Materials, 19 (2002) 123-128･
25. I.Interpretation of XPS 0(lS) in Mixed Oxides Proved on the Mixed
perovskite CrystalslI, D･ A･ Pawlak, M･ Ito, M･ Oku, K Shimamuraand T･
Fukuda, J. Phys. Chem. B, 106 (2002) 5041507･
26.日次世代紫外光学応用フツ化物単結晶日,島村清史･猿倉信彦,福田承
生,機能材料20 (2000) ll-17･
27.日紫外光学応用フッ化物単結晶日,島村清史･福田承生,猿倉信彦,工業
材料48 (3) (2000) 105-110･
28.日真空紫外光学応用が期待されるフツ化物単結掛,島村清史･福田承生,
応用物理69 (2000) 518-524･
29. ･･真空紫外光学応用フッ化物単結晶･･,島村清史･猿倉信彦,福田承生,
マテリアルインテグレーション/エレクトロニク･セラミクス13(9)
(2000) ･ 48152.
30. ･･次世代光リソグラフィー用光学材料としてのフツ化物単結晶日,島村
清史,福田承生,猿倉信彦,光アライアンス11(10) (2000) 28-31･
3 1.日GmWth and laser performance of Ce-doped LiCaAlF6and LiSro･8Cao･2AlF6
slngle crystals for UV laser applicationsM, A･Bensalah, K･Shimamura, Z･Liu,
N.Sarukura and T.Fukuda, Proceedings of Photonics West, LASE 2000, Sam
Jose, Calfomia, USA, 20-26 January, 2001
32. ･･Growth offluoride single crystals for optical applicationsH, K･Shimamura,
H.Sato, A.Bensalah, H･Machida, N･Sarukuraand T･Fukuda, Proceedings of
I山emational Workshop on Preparation and Characterization of
TeclmologlCally Important Single Crystals, PCSC 2001, New Delhi, India,
26128, February, 2001
33.日New ultraviolet, tunable, ･solid-state laser medium: Ce3十:LiSro･8Cao･2AlF6for
potential applications to high-power laser ampliflerS", T･Kozeki, Y･Suzuki,
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Z.Liu, N.Sarukura, M.Hirano, H.Hosono, KShimamura and T.Fukuda,
Advanced Solid State Lasers, Seattle, Washington,USA 28-3 1 January, 200 1
34. "Gmwth of new fluoride single crystals f♭r optical lithography applicationsH,
K.Shimamura, H.Sato, A.Bensalah, H.Machida, N.Sarukuraand TFukuda.
Proceeding of the Fourth Intemational ConfTerence Single Crystal Growthand
Heat & Mass Transfer (ICSC-01), Obninsk, Russia, September 24-28, 2001.
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(2)口頭発表
I. "Novel Design of High-,Pulse-Energy Ultraviolet Ce:LiCAF Laser Oscillator",
T.Kozeki, H.Ohtake, NISarukura, Z･Liu, K･Shimamura, K･Nakano,
N.Mujilatu, and T･Fukuda, Advanced Solid-State Lasers (Optical Society of
America), paper WBl, February, 2000･
2. ･･Direct Generation of 27lrnJ, 309lnm Pulses &om a Ce:LLF Oscillator Using a
Large-Size Ce:LLF Crystal･･, ZILiu, K･Shimamura, K･Nakan0, N･Mujilatu,
T.Fukuda, TKozeki, H･Ohtake, and N･ Sarukura, Advanced Solid-State Lasers
(optical Society of America), paper WB2, February, 2000･
3.日Crystalgrowthand characterization of horide slngle crystalsfor optical
applications", K･Shimamura and T･Fukuda, International Symposium on
Advanced, Materials 2000 (Invited)
4.日C.ystal Growth and UV Optical Characterization ofFluoride Single Crystals'l,
K.Shimamura, N.Sarukuraand T･Fukuda, The 2nd Intemational Symposium
｡n Laser, S･cintillatorand Nonlinear Optical Materials, 2000 (Invited)
5. ･･Growthand characterization of nuoride slngle crystalsfor optlCal
applications･., K･Shimamura, N･Sarukuraand T･Fukuda, 12thAmerican
conference on crystal Growth and Epitaxy, 2000 (Invited)
6. ･･Correlation between structural parameters of Colquiriite structures'',
D.A.Pawlak, K.Wozniak, K･Shimamuraand T･Fukuda, 12thAmerican
conference on crystal Growthand Epitaxy, 2000
7. …Growthof new伽oride slngle crystalsfor optical applications", TIFukuda,
K.Shimamura and N.Sarukura, 2000 Intemational Microprocesses and
Nanotechnology Conference, July 1 1 -1 3 , 2000･ qnvited)
8. 1･Grow山and optical properties of KMgF3 Slngle crystals as new optical
material in the UV range'1, T.Fujita, K･Shimamuraand T･Fukuda, The lst
Asian Conference on Crystal Growthand CrystalTechnology (CGCT-1),
August 29-September 1, 2000･
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9. ''Growthand characterization of 2-inch Ce:LiCaAlF6 Single crystals'-, H.Sato,
K.Shimamura, I.M.Ranieri, K.Nakano, T.Fujita, A.Bensalah, H.Machida and
T.Fukuda, The lst　Asian Conference on Crystal Growth　and Crystal
Teclmology (CGCT-1), August 29-September 1, 2000.
10. "Crystal growth offluorides by the Czochralski technique for optical
applications'., K.Shimamura, I.M.Ranieri, T.Fujita, H.Sato, N.Sarukura and
T･Fukuda, The l武Asian Conference on CrystalGrowth and Crystal
Technology (CGCTJl), August 29-September 1, 2000.
ll. '-Correlation of structural parameters in oxide and nuoride structuresH,
DAPawlak, K.Wozniak, K.Shimamura and T.Fukuda, The lst Asian
Conference on Crystal Growthand Crystal Technology (CGCT-1), August
29-September 1, 2000.
12. '■Growthand characterization of Colqulrllte-type fluoride slngle crystals fTor
optlCal applications-., A.Bensalah, K.Shimamura, K.Nakan0, I.M.Ranieri,
H.Satoand T.Fukuda, The lstAsian Conference on Crystal Growthand
Crystal Technology (CGCT-I), August 29-September I, 2000.
13･ ''Correlation analysis - helpful tool for designlng Crystalline materials",
D.A.Pawlak, K.Shimamura　and T.Fukuda, Intemational Conference on
Chemical Compound, Korea, 2000.
14･ .'Growthof new fluoride crystals f♭r optlCal applicationsH, T.Fukuda,
K･Shimahura and N.Sarukura, Workshop on New Materialsfor Electrohics,
ITME, Poland, October 5-7, 2000. 0nvited)
151 .'Chirped pulse amplification f♭r ultravioletfemtosecond pulses uslng
Ce:LiCAF galn medium.I, Z･Liu, T･Kozeki, Y.Suzuki, N.Sarukura,
KShimamura, T･Fukuda, MIHirano, and H･Hosono, 12th International
Conference on Ultrafast Phenomena, July 13, 2000, USA.
16･ ''Chirped pulse amplification for ultravioletfemtosecond p_ulses uslng
Ce:LiCAF galn mediumH, N･Sarukura, Z･Liu, T.Kozeki, Y.Suzuki,
-9-
K.Shimamura, T.Fukuda, M.Hirano, H.Hosono, loth FRONTIER SCIENCE
RE SEARCH C ONFERENCE in MATERIAL S S C IENCE　　and
TECHNOLOGY Series, Science and Technology of PHOTONIC
MArERIALS, November 6-8, 2000, La Jolla, Califbmia, USA. (Invited)
17.日Growth and laser performance of Ce-doped LiCaAlF6 and LiSro.8Cao.2AlF6
slngle crystalsfor UV laser applications", A.Bensalah, K.Shimamura, Z.Liu,
N.Sarukura and T.Fukuda, Photonics West, LASE 2000, SanJose, Calfomia,
USA, 20-26 January, 2001
1 8. "New ultraviolet, tunable, solid-state laser medium: Ce3':LiSro.8Cao.2AlF6for
potential applications to high-power laser amplifiers一㌧ T.Kozeki, Y･Suzuki,
Z.Liu, N.Sarukura, M.Hirano, H.Hosono, K.Shimamura and T.Fukuda,
Advanced Solid State Lasers, Seattle, Washington,USA 28-3 1 January, 2001
19. "LiBaF3:ce luminescence modification by varylng Of crystal growth
conditions'1, N.Shiran, A.Gektin, V.Komar, S.Neicheva, T.Fukuda　and
K.Shimamura, Intemational Conference on Crystal Growth-13 in
Conjunction with Vapor Growthand Epitaxylll, Japan, 30 July - 4 August,
2001
20. ''LiCaAlF6(Ce) crystals for scintillation applications", A.Gektin, N.Shiran,
S.Neicheva, T.Fukuda and K. Shimamura, International Conference on Crystal
Growth-13 in Conjunction with Vapor Growthand Epitaxy-1 1, Japan, 30 July
- 4 August, 2001
21.日Analysis by the Rietveld method of pure and doped LiSrAIF6 and LiCaAIF6
crystals at different temperatures'', V. L Mazzocchi, S. L Baldochi, M. C. H.
M. Ruiz, C. B. R. Parente, C. 0. Paiva-Santos, C. V. Santilli, K. Shimamura,
T. Fukuda, Intemational Conference on Crystal Growth113 in Conjunction
with Vapor Growthand Epitaxy-ll, Japan, 30 July - 4August, 2001
22. ''&owth offluoride single crystalsfor optlCal applications", K.Shimamura,
H.Sato, A.Bensalah, H.Machida, N.Sarukuraand T.Fukuda, Intemational
Workshop on Preparation and Characterization of TeclmologlCally Important
Single Crystals, PCSC 2001, New Delhi, India, 26128 February, 2001.
-101
(Invited)
23. "Crystal Growth of Fluorides■., K･Shimamuraand T･Fukuda, VI Polish
conference on Crystal Growth, PCCG-Vt Poznan, Poland, 20-23 May, 2001 A
(Invited)
24. ･･New sci血11ator: LiCaAIF6:Ce crystal■■, A･Gektin, A･Bensalah, N･Shiran,
S.Neicheva, T.Fukuda, KShimamura, 6th Intemational Conference on
Inorganic Scintillatorsand their use in ScientifiCand Industrial Applications･
SCINT 2001, Chamonix, France, September 16 - 21, 2001
25_ "All-solid-state Ce3':LiCaAlF6 amPlifier for femtosecond ultraviolet pulses
toward terawatt level'', T.Kozeki, Z･Liu, Y･ Suzuki, N･ Saruku ra, K･ Shimamura,
T.Fukuda, M.Hirano and H･Hosono･ The 8th Intemational Workshop on
Femtosecond Technology,AlST Tsukuba Center, Tsukuba, Japan, June 28-29,
2001.
26. "Growth of new fluoride single crystals for optlCal lithography applications'T,
T.Fukuda, KShimamura and N･Sarukura･ FourthInternational Conference
single Crystal Growthand Heat & Mass Transfer (ICSC-01), Obninsk,
Russia, September 24-28, 2001. (Invited)
27. "Observation of new excitation channels of Cerium ion through absorption by
various host crystals, LiCAF, LiSAF, and LiSCAF.', M･Sakai, T･Kozeki,
Y suzuki, H.Ohtake, N. Sarukura, K･ Shimamuraand T･Fukuda･ CLEO/Pacific
Rim 2001, Makuhari Messe, Chiba, Japan, July 15-19, 2001･
28. ･.New Ultraviolet, Tunable, Solid-State Laser Medium: cc3+:LiSro.8Cao.2AlF6
fTor high-peak-poweramplifier●l, T･Kozeki, Z･Liu, YSuzuki, N･Sarukura,
K.Shimamura, T.Fukuda, M.Hiranoand H.Hosono. CLEO/Pacific Rim 2001,
Makuhari Messe, Chiba, Japan, July 15119, 2001･
29･ "Time-resolved gain-spectrum measurement scheme uslng two-potential laser
media'', T.Kozeki, Z.Liu, YSuzuki, N.Sarukura, K.Shimamura, T.Fukuda,
M.Hirano and H.Hosono. CLEO/Pacific Rim 2001, Makuhari Messe, Chiba,
Japan,んly 15-19, 2001.
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30. ''Observation of new excitation channels of Cerium ion throughabsorption by
various爪uoride host crystals, LiCAF, LiSAF,and LiSCAF'', T.Kozeki,
Y.Suzuki, M.Sakai, H.Ohtake, N.Sarukura, K.Shimamuraand T.Fukuda.
CLEO 2001, Baltimore Convention Center, Baltimore, Maryland, USA, May
6-ll, 2001.
3 1, "Ultravioletfemtosecond pulse amplification uslng Ce3+:LiSro.8Cao.2AlF6
crystal as galn mediumH, Z.Liu, T.Kozeki,. Y.Suzuki, N.Sarukura,
K.Shimamura, T.Fukuda, M.Hirano and H.Hosono. CLEO 2001, Baltimore
Convention Center, Baltimore, Maryland, USA, May 611 1, 2001.
32.日Time-resolved galn SpeCtmm measurement scheme uslng two Crystals and a
streak camera for new laser media development'', T.Kozeki, Y.Suzuki,
N.Saruknra, K.Shimamura, T.Fukuda, Z.Liu, M.Hirano and H.Hosono. CLEO
2001, Baltimore Convention Center, Baltimore, Maryland, USA, May 6111,
2001.
33･ 'lGrowthand Characterization of Colqulrllte-and Perovskite-type Fluoride
Single Crystals f♭r Optical materials'., H.Sato, K.Shimamura and T.Fukuda,
13thAmerican Conference on Crystal Growth and Epitaxy, Burlinton, VT,
USA, August 12-16, 2001.
34･ ■■Ⅹ-ray induced color centres in pure and doped LiYF4 and LiLuF4 Single
crystals", A. Bensalah, M. Nikl, A. Vedda, K. Shimamura, T. Satonaga,
H･Sato, T Fukudaand G. Boulon, Europhysical Conference on Defects In
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